Free radicals and other reactive species are considered to be important causative factors in the development of diseases of aging such as cancer and cardiovascular diseases. This relationship has led to considerable interest in assessing the antioxidant capacity of foods and botanicals and other nutritional antioxidant supplements. The use of the oxygen radical absorbance capacity (ORAC) assay as a tool for antioxidant assessment is described and proposed as a method for comparing botanical sources and for standardizing nutritional supplements. The free radical or oxidant source is important and direct comparisons cannot be made between procedures that use different sources. The ORAC procedure uses 2,2¢-azobis(2-amidinopropane) dihydrochloride as a peroxyl radical source, which is relevant to biological systems because the peroxyl radical is the most abundant free radical. Other oxidant sources (hydroxyl radical and Cu ++ ) can also be used to characterize antioxidants in botanicals. Phenolics or polyphenolics are responsible for most of the antioxidant capacity in fruits, vegetables, and most botanical antioxidant supplements. Although little is known about the absorption and metabolism of these components, improvement in the in vivo antioxidant status has been observed in human subjects following consumption of antioxidant botanicals. The ORAC method provides a basis from which to establish appropriate dietary intakes that might impact health outcomes.
Free radicals and other reactive species are considered to be important causative factors in the development of diseases of aging such as cancer and cardiovascular diseases. This relationship has led to considerable interest in assessing the antioxidant capacity of foods and botanicals and other nutritional antioxidant supplements. The use of the oxygen radical absorbance capacity (ORAC) assay as a tool for antioxidant assessment is described and proposed as a method for comparing botanical sources and for standardizing nutritional supplements. The free radical or oxidant source is important and direct comparisons cannot be made between procedures that use different sources. The ORAC procedure uses 2,2¢-azobis(2-amidinopropane) dihydrochloride as a peroxyl radical source, which is relevant to biological systems because the peroxyl radical is the most abundant free radical. Other oxidant sources (hydroxyl radical and Cu ++ ) can also be used to characterize antioxidants in botanicals. Phenolics or polyphenolics are responsible for most of the antioxidant capacity in fruits, vegetables, and most botanical antioxidant supplements. Although little is known about the absorption and metabolism of these components, improvement in the in vivo antioxidant status has been observed in human subjects following consumption of antioxidant botanicals. The ORAC method provides a basis from which to establish appropriate dietary intakes that might impact health outcomes. F ree radicals and other reactive species (RS) are constantly generated in vivo both by "accidents of chemistry" and for specific metabolic purposes. The most important reactions of free radicals in aerobic cells involve molecular oxygen and its radical derivatives (superoxide anion and hydroxyl radicals), peroxides, and transition metals. RS are thought to play an important role in aging and in the pathogenesis of numerous degenerative or chronic diseases, such as cancer and atherosclerosis (1) (2) (3) . Although there are many determinants in the development of these diseases, considerable experimental evidence links RS production to biological damage that can potentially provide a mechanistic basis for their initiation and/or progression (4) (5) (6) . RS are capable of chemically altering virtually all major classes of biomolecules (e.g., lipids, proteins, and nucleic acids) with concomitant changes in structure and function. Humans, along with other aerobic organisms, have developed an antioxidant network to protect themselves from the potentially detrimental effects of RS. The antioxidant network includes antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase, and nonenzymatic antioxidants, which include antioxidants of high molecular weight, such as albumin, ceruloplasmin, and ferritin, and an array of antioxidants of low molecular weight, such as ascorbic acid, α-tocopherol, $-carotene, reduced glutathione (GSH), uric acid, bilirubin, and flavonoids. Thus, it is generally thought that oxidative pathology results when the generation of RS exceeds the capacity of the antioxidant network in the body.
Total Antioxidant Capacity Assays
The effectiveness of the antioxidant network in the body depends on the normal function of each antioxidant component in the network. The nonenzymatic antioxidants constitute an important aspect of the body's antioxidant mechanism. Because of the difficulty in measuring each antioxidant component separately and the interactions among these different antioxidant components in the network, several methods (7) (8) (9) (10) (11) (12) have been developed to assess the total antioxidant capacity from all of these nonenzymatic antioxidants contained in a biological sample. The total peroxyl radical trapping parameter (TRAP) assay of Wayner et al. (7) was the most widely used assay of antioxidant capacity during the 1980s. The major problem with the TRAP assay lies in the oxygen electrode endpoint; an oxygen electrode will not maintain its stability over the period of time required. Therefore, a high degree of imprecision is inherent in this method (9) . More recently, the Trolox equivalent antioxidant capacity (TEAC) assay (8, 9) , the ferric-reducing ability of plasma (FRAP) assay (10), and our oxygen radical absorbance capacity (ORAC) assay were developed (11, 12) . The FRAP assay is simple and inexpensive, but it does not measure the SH group-containing antioxidants (13) . The TEAC assay is based on the inhibition by antioxidants of the absorbance of the radical cation of 2,2N-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and has been commercialized by Randox Laboratories (San Diego, CA). The effect of dilution on the serum TEAC value and the use of inhibition percentage at a fixed time, without considering the length of inhibition time in the quantitation of results, adversely affected the Randox-TEAC assay (13) (14) (15) . However, there have been some recent modifications to this method that may overcome some of these deficiencies (16) .
The ORAC assay depends on the detection of chemical damage to $-or R-phycoerythrin (PE) through the decrease in its fluorescence emission. The fluorescence is highly sensitive to the confirmation and chemical integrity of the protein. Under appropriate conditions, the loss of PE fluorescence in the presence of free radicals is an index of oxidative damage to the protein. The inhibition of the free radical action by an antioxidant, which is reflected in the protection against the loss of PE fluorescence in the ORAC assay, is a measure of its antioxidant capacity against the free radicals. With this fluorescence measurement, as applied in the ORAC assay, there is much less interference by colored compounds than with the absorbance measurements used in other similar methods. This is an important factor to consider particularly when fruits, vegetables, and natural product supplements are analyzed for their antioxidant capacities. In addition to the use of $-or R-PE as a sensitive target of free radical attack, and Trolox (a water-soluble α-tocopherol analogue) as a calibrator, the ORAC assay uses 2,2N-azobis(2-amidinopropane) dihydrochloride (AAPH) as a free radical-generating system and an area-under-curve (AUC) technique for the quantitation of antioxidant capacity. AAPH undergoes spontaneous decomposition and produces peroxyl radicals with a rate primarily determined by temperature. Because of the very high molar ratio (>2000) of AAPH to antioxidant used in this procedure, the ORAC assay has high specificity and thus measures the capacity of an antioxidant to directly quench free radicals. The AUC technique combines both inhibition percentage and the length of inhibition time of free radical action by an antioxidant into a single quantity, which makes it superior to other similar methods that use either an inhibition percentage at a fixed time or a length of inhibition time at a fixed inhibition percentage (11, 12, 17) . The peroxyl radical is the most common in biological systems, thus, giving the results from the ORAC assay relevance to biological systems. However, the ORAC assay has the additional advantage of being able to test for antioxidant protection against hydroxyl radicals and oxidative damage from transition metals. The ORAC assay has the advantage that it can be adapted to assay lipophilic antioxidants. Because of the high sensitivity of the fluorescence ORAC assay, a dilute emulsion of antioxidant lipid components can be formed in the assay mixture and assayed for antioxidant capacity (G. Cao, unpublished data, 1999). We have measured antioxidant capacities in the range of 0.01-5.0 µmol Trolox equivalents (TE)/mL for various oils used in food preparation and cooking; however, we have not assayed a large number of oil-or lipid-based products at this point to establish a truly representative database. The ORAC assay has been modified to assay the lipophilic components in an organic solvent (18) . A disadvantage of this assay is that some automated instruments cannot handle the organic solvents required. The ORAC assay has been used by different laboratories and has provided significant information regarding the antioxidant capacity of various biological samples, from pure compounds such as melatonin and flavonoids, to complex matrixes such as fruits, vegetables, and animal tissues (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
Antioxidant Capacity of Fruits, Vegetables, and Dietary Supplements
Some antioxidants (i.e., ascorbic acid, α-tocopherol, and flavonoids) cannot be synthesized in vivo and must be obtained from diets, mainly fruits, vegetables, or dietary supplements. Consumption of fruits and vegetables has been associated with a lower incidence and lower mortality rates of cancer in several human cohort and case-control studies for all common cancer sites (2, (29) (30) (31) . The antitumorigenic effects of vegetables were also found in experiments using cells (32) and animals (33) (34) (35) (36) (37) (38) . There is a highly significant negative association between intake of total fruits and vegetables and cardio-and cerebrovascular disease mortality (39) (40) (41) (42) (43) . Vegetarians and nonvegetarians with a high intake of fruits and vegetables also have reduced blood pressure (44, 45) . The protection that fruits and vegetables provide against diseases has been attributed to antioxidants contained in the fruits and vegetables (46) (47) (48) (49) (50) (51) (52) (53) .
There are many different antioxidants in fruits and vegetables. Therefore, the determination of total antioxidant capacity is necessary and also critical to evaluate the possible health benefits of a specific fruit or vegetable. Studies from our laboratory represent the first attempt in this area. We measured the total antioxidant capacity of common fruits and vegetables, using the ORAC assay with AAPH as a peroxyl radical generator. Based on the dry weight of the edible portion, kale, blackberries, strawberries, spinach, blueberries, cranberries, and raspberries had an antioxidant capacity of >100 µmol TE/g dry matter (DM). Beets, prunes, plums, red peppers, and Brussels sprouts had an antioxidant capacity between 60 and 100 µmol TE/g DM, whereas garlic, pink grapefruit, onions, cherries, tomato, lettuce, and corn had an antioxidant capacity of 20-60 µmol TE/g DM. Fruits and vegetables such as potato, sweet potato, yellow squash, cucumber, string bean, apple, celery, bananas, and pears had an antioxidant capacity of <20 µmol TE/g DM (54) (55) (56) (57) . The contribution of vitamin C to the total antioxidant capacity measured as the ORAC of the fruits was <15%, except for kiwifruit and honeydew melon. This suggests that the major source of antioxidant capacity of most fruits may not be vitamin C, but other antioxidant phytochemicals contained in fruits.
Many dietary supplements have been developed as a result of the finding of the potential health-promoting aspects of fruits and vegetables. These dietary supplements, based on fruits, vegetables, or other plants rich in antioxidant phytonutrients, are usually marketed as dietary antioxidant supplements. However, good markers have not been applied to indicate the antioxidant potency of these natural products, until recently, when we adapted and automated the ORAC assay and used it to determine the antioxidant capacity in fruits, vegetables, and dietary supplements. We evaluated 46 commercial preparations of antioxidant-related dietary supplements for total antioxidant capacity, using the ORAC assay. Products based on bilberry, cranberry, chokeberry and elderberry were found to have ORAC values ranging from 16 to 3985 µmol TE/g. Proanthocyanin sources such as pine bark and grape seed extracts had antioxidant capacities ranging from 16 to 8392 µmol TE/g (58) . The finding of these wide ranges in antioxidant potency of the antioxidant-related supplements underscores the need for quality control of these herbal supplements. This need is especially important in the United States because herbal supplements are not regulated as drugs, but are instead sold as "food supplements."
The presence of antioxidant components in botanicals is quite common. In addition to our work, others have reported antioxidant activity for common fruits and vegetables (59) (60) (61) (62) and tea (63) (64) (65) . Other researchers, using quite varied techniques for assessing antioxidant capacity, have reported antioxidant activity in berry and fruit wines (66, 67) , citrus peel and seed extracts (68), evening primrose meal (69), buckwheat groats (70) , Ginkgo biloba (71), aromatic herbs (72), leaves of the small Vernonia amygdalina tree (73), mulberry leaves (74), leaves of Perilla frutescens, a popular garnish in Japan (75) , and Hawthorn organs (76) . Thus, the presence of antioxidant components in a wide variety of botanicals is well documented; however, consistent methods for comparing different sources have not been used, which may not be essential to the demonstration that antioxidant activity exists. If more of the sources are developed as antioxidant dietary supplements in the United States, consistent analytical techniques for evaluating these supplements will be essential.
Importance of Free Radical or Oxidant Source in Assessing Antioxidant Capacity of Botanicals
Considerable confusion is evident in the literature when one attempts to compare antioxidant capacity or relative ranking of different botanicals that have been evaluated for antioxidant capacity by different laboratories. Part of the confusion results from the fact that completely different procedures have been used. Inherent in some of these methodological differences is the difference in free radical or oxidant source used. We have compared the antioxidant capacity of vegetables, using a peroxyl radical source (AAPH), a hydroxyl radical generator (Cu ++ plus H 2 O 2 ), and Cu ++ as an oxidant in the ORAC assay (54) . Results for a few selected vegetables are presented in Figure 1 to illustrate that components in different vegetables do not respond to the different oxidant sources in a similar manner. Although components in kale are very strong antioxidants against the peroxyl radical, they are not nearly as effective against Cu ++ . However, on a relative basis, antioxidant components in leaf lettuce, iceberg lettuce, and string beans are more effective against the hydroxyl radical than are some of the other vegetables (Figure 1 ). Another common method for evaluating antioxidant activity of fruits and vegetables has been the oxidation of LDL using either AAPH or Cu ++ (59, 64, 65) . This model is thought to have particular relevance to cardiovascular disease. However, oxidant source is important in this evaluation as well. When we compared the results obtained from ORAC using AAPH as a peroxyl radical source with those obtained from the inhibition of LDL oxidation with AAPH, a significant linear relationship (Y = 1.74 + 1.00X; r xy = 0.91, where X = IC 50 for LDL oxidation and Y = ORAC, µmol TE/g) was found between the 2 independent measures of antioxidant capacity of some different extracts from oats (Figure 2; 77) . Thus, in this one comparison, there seems to be some agreement between methods if a common free radical source is used. In order to obtain a complete assessment of the antioxidants present in a botanical, it may be necessary to evaluate the material by using the 3 radical sources (peroxyl, hydroxyl, and Cu ++ ). We have observed a pro-oxidant action of a green tea preparation when Cu ++ was used as the oxidant in the ORAC assay, but this was not observed for any of the other vegetables tested (54) .
Sources of Variability in Antioxidant Capacity of Botanicals and Dietary Supplements
Potential sources of variability in antioxidant capacity in dietary supplements include (1) botanical source, (2) genetic background, (3) environmental effects during growth, and (4) processing techniques used in production of the supplement. Clearly, botanical source influences the antioxidant capacity; we have observed a >20-fold difference between those fruits and vegetables with a high antioxidant capacity and those with low activity. Furthermore, we have observed as much as a 3.3-fold difference in the antioxidant capacity of different species and cultivars of Vaccinium (57) . Similar genetic variation has been observed in strawberries and peaches (unpublished data, . Increasing maturity at harvest of 2 varieties of Rabbiteye blueberries also increased antioxidant capacity by 164 and 224%, respectively (57) . Less is known about environmental influences. We did not observe any differences in antioxidant capacity in 2 varieties of blueberries, each grown in different parts of the United States. However, there are indications that conditions which might stress plants (i.e., cold, drought, insects, diseases, etc.) may likely increase the components in plants which account for the measured antioxidant capacity. Extraction and processing techniques are the other factors which may affect the antioxidant capacity measured in supplements. In many cases, the botanical material is merely dried and ground, in which case the activity may be lower than that present in the starting material. If extraction or concentration techniques are used, it is possible to produce supplements that are relatively high in antioxidant capacity. We have observed a range in ORAC values from 16 to 8392 µmol TE/g DM in different natural products and different sources of the same botancial that are being marketed as dietary supplements (58) . In many cases, it appears that manufacturers may start with a relatively concentrated or "standardized" source, but in formulation of the final product, various fillers, etc. are added so that the concentration in the final product is diluted, often to levels lower than that of the starting botanical material. Developing a dietary supplement with maximal antioxidant capacity should not be the primary objective; however, the potency of any particular supplement must be known in order to determine the optimal amount and form of delivery.
Antioxidants Identified in Fruits, Vegetables, Dietary Supplements, and Other Botanicals
As suggested earlier, our studies on the antioxidant capacities of fruits suggest that the major source of antioxidant capacity of these fruits may not be vitamin C, but other antioxidant phytochemicals. The measurement of total phenolics and/or anthocyanins (a group of phenolics belonging to the broad class of flavonoids) along with the ORAC assay demonstrated further that phenolics are the main antioxidant constituents contained in fruits, vegetables, and dietary natural product supplements. The total antioxidant capacity, measured as ORAC, was significantly correlated with total phenolic content in teas, fruits, and antioxidant-related natural product supplements, with a linear correlation coefficient of >0.85 (57, 58, 63) . In berries and berry-based dietary supplements, ORAC was also significantly correlated with total anthocyanin content. The total phenolic content ranged from 1.9 to 804 mg/g in the 46 commercial dietary supplements (58) . For the berry-based (bilberry, cranberry, chokeberry, and elderberry) products, total anthocyanin concentrations ranged from 0.2 to 204 mg/g, and total phenolic concentrations ranged from 1.8 to 464 mg/g. The total phenolics as anthocyanins in these berry-based products also ranged from 1.4 to 72.7%. The supplements of proanthocyanin sources (pine bark extracts and grape seed extracts) did not contain any anthocyanins (58) . Phenolics or polyphenols, the primary components responsible for antioxidant capacity in fruits, vegetables, and dietary natural product supplements, constitute one of the most numerous and widely distributed groups of substances in the plant kingdom, with more than 8000 phenolic structures currently known (78) . Natural phenolics can range from simple molecules, such as phenolic acids, to highly polymerized compounds, such as tannins. Flavonoids represent the most common and widely distributed group of plant phenolics. Their basic structure is that of diphenylpropanes (C 6 -C 3 -C 6 ) and consists of 2 aromatic rings linked through 3 carbons that usually form an oxygenated heterocycle. The common family members of flavonoids include flavones, isoflavones, flavanones, flavanols, anthocyanins, and proanthocyanidins (procyanidins or condensed tannins). Phenolic antioxidants function as terminators of free radicals by rapid donation of a hydrogen atom to radicals. They can also act as chelators of transition metals that are involved in free radical production and oxidative reactions (79, 80) . We have demonstrated, along with others, that many phenolics, including phenolic acids and flavonoids, have antioxidant capacities that are much stronger than those of vitamins C and E (25, 81) .
Absorption of Dietary Phenolic Antioxidants and Their Effects on in vivo Antioxidant Status in Humans
Absorption of phenolics from the diet was long assumed to be negligible, because most flavonoids, except some simple phenolics and catechins, are present in plants bound to sugars as glycosides, and these glycosides were considered nonabsorbable. Contrary to the common belief that only flavonoid aglycones can be absorbed, the cumulative evidence indicates that flavonoid glycosides are well absorbed in humans and rats without prior hydrolysis by microorganisms (82) (83) (84) (85) (86) . Anthocyanins, the main flavonoids found in red grapes, red wine, berries, and berry-based dietary supplements, have also been shown to be absorbed (84, (86) (87) (88) (89) (90) . Absorption of ferulic acid, a phenolic acid and a strong antioxidant, has also been demonstrated (90) .
The absorbed dietary phenolic antioxidants can improve antioxidant status in humans. We found in 36 healthy nonsmokers that daily intake of the total antioxidants, measured as ORAC, from fruits and vegetables was significantly correlated with the fasting plasma antioxidant capacity. Increasing the consumption of fruits and vegetables resulted in a significant increase in plasma antioxidant capacity (91) , as did increasing the consumption of strawberries (92) , spinach (92) , grape juice (93) , and red wine (92, 94) . A reduced sensitivity to oxidation of plasma and/or low-density lipoprotein was observed by several research groups in human subjects consuming red wine (95-97).
Intake of Antioxidants from Fruits, Vegetables, and Dietary Supplements
Based on the food intake survey conducted by the U.S. Department of Agriculture on consumption of fruits and vegetables, the average intake of total antioxidant capacity (expressed in ORAC units) from fruits and vegetables in the United States is 1200-1640 µmol TE/day (R.L. Prior [unpublished data, 1999], 56). Based on our studies, an increase in antioxidant intake from fruits and vegetables equivalent to 1000-2000 µmol TE/day may be needed to bring about some of the beneficial effects associated with fruit and vegetable consumption. When a dietary supplement is used to increase the intake of natural antioxidants, a measure of the antioxidant capacity of the supplement is needed to arrive at a reasonable intake of the supplement to provide an efficacious dose. This requires that a standard procedure be adopted by the nutritional supplement industry for determining antioxidant capacity. The measurement of ORAC and total phenolics provides a good measure of total potency. However, liquid chromatographic procedures will be needed if the botanical source is to be verified.
Conclusions
The ORAC method has been used to assess antioxidant capacity in botanicals and dietary supplements. Results demonstrate that the total antioxidant capacity of fruits, vegetables, and antioxidant-related dietary supplements varies considerably from one product to another. When a dietary supplement is used to increase the intake of natural antioxidants, the antioxidant capacity of the supplement is needed in order to arrive at a reasonable intake of the supplement to provide an efficacious dose; thus, a standard procedure should be adopted by the nutritional supplement industry for determining antioxidant capacity.
